The electronic band structure-controlled ultrafast demagnetization mechanism in Co2FexMn1-xSi Heusler alloy is underpinned by systematic variation of composition. We find the spin-flip scattering rate controlled by spin density of states at Fermi level is responsible for nonmonotonic variation of ultrafast demagnetization time (τM) with x with a maximum at x = 0.4. Furthermore, Gilbert damping constant exhibits an inverse relationship with τM due to the dominance of inter-band scattering mechanism. This establishes a unified mechanism of ultrafast spin dynamics based on Fermi level position.
The tremendous application potential of spin-polarized Heusler alloys in advanced spintronics devices ignites immense interest to investigate the degree and sustainability of their spinpolarization under various conditions [1] [2] [3] [4] . However, interpreting spin-polarization from the conventional methods such as photoemission, spin transport measurement, point contact Andreev reflection and spin-resolved positron annihilation are non-trivial [5] [6] [7] . In the quest of developing alternative methods, Zhang et al. demonstrated that all-optical ultrafast demagnetization measurement is a reliable technique for probing spin-polarization [8] . They observed a very large ultrafast demagnetization time as a signature of high spin-polarization in half-metallic CrO2. However, Co-based half-metallic Heusler alloys exhibit a comparatively smaller ultrafast demagnetization time (~ 0.3 ps) which raised a serious debate on the perception of ultrafast demagnetization mechanism in Heusler alloys [9] [10] [11] . A smaller demagnetization time in Heusler alloys than in CrO2 is explained due to the smaller effective band gap in the minority spin band and enhanced spin-flip scattering (SFS) rate [9] . However, further experimental evidence shows that the amount of band gap in minority spin band cannot be the only deciding factors for SFS mediated ultrafast demagnetization efficiency [10] . Rather, one also has to consider the efficiency of optical excitation for majority and minority spin bands as well as the optical pump-induced hole dynamics below Fermi energy (EF). Consequently, a clear interpretation of spin-polarization from ultrafast demagnetization measurement requires a clear and thorough understanding of its underlying mechanism. Since its inception in 1996 [12] , several theoretical models and experimental evidences based on different microscopic mechanisms, e.g. spin-flip scattering (SFS) and super-diffusive spin current have been put forward to interpret ultrafast demagnetization [13] [14] [15] [16] [17] [18] [19] [20] . However, the preceding proposals are complex and deterring to each other. This complexity increases even more in case of special class of material such as the Heusler alloys. The electronic band structure and the associated position of Fermi level can be greatly tuned by tuning the alloy composition of Heusler alloy [21, 22] . By utilizing this tunability, here, we experimentally demonstrate that the ultrafast demagnetization mechanism relies on the spin density of states at Fermi level in case of halfmetallic Heusler alloy system. We extracted the value of ultrafast demagnetization time using three temperature modelling [23] and found its non-monotonic dependency on alloy composition (x). We have further showed that the Gilbert damping and ultrafast demagnetization time are inversely proportional in CFMS Heusler alloys suggesting the interband scattering as the primary mechanism behind the Gilbert damping in CFMS Heusler alloys.
Our work has established a unified theory of ultrafast spin dynamics.
A series of Co2FexMn1-xSi (CFMS) thin films have been deposited using magnetron cosputtering system for our investigation with x = 0.00, 0.25, 0.40, 0.50, 0.60, 0.75 and 1.00. The thickness of the CFMS layer was fixed at 30 nm. It is imperative to study the crystalline phase which is the most crucial parameter that determines other magnetic properties of Heusler alloy.
Prior to the magnetization dynamics measurement, we investigate both the crystalline phase as well as growth quality of all the samples. Fig. 1A shows the ex-situ x-ray diffraction (XRD) pattern for all the samples. The well-defined diffraction peak of CFMS (400) at 2θ = 66.50º
indicates that the samples are well crystalline having cubic symmetry. The intense superlattice peak at 2θ = 31.90º represents the formation of B2 phase. The presence of other crucial planes are investigated by tilting the sample x = 0.4 by 54.5º and 45.2º from the film plane to the normal direction, respectively and observed the presence of (111) superlattice peak along with the (220) fundamental peak as shown in Fig. 1B and 1C . The presence of (111) superlattice peak confirms the best atomic site ordering in the desired L21 ordered phase, whereas the (220) fundamental peak results from the cubic symmetry. The intensity ratios of the XRD peaks are analysed to obtain the microscopic atomic site ordering which remain same for the whole range of x (given in Supplemental Materials). The epitaxial growth of the thin films is ensured by observing the in-situ reflection high-energy electron diffraction (RHEED) images. The square shaped hysteresis loops obtained using in-plane bias magnetic field shows the samples have inplane magnetization. The nearly increasing trend of saturation magnetization with alloy composition (x) follow the Slater-Pauling curve. In-depth details of sample deposition procedure, RHEED pattern and the hysteresis loops are provided in the Supplemental Materials [24] . The ultrafast demagnetization dynamics measurements using time-resolved magnetooptical Kerr effect (TRMOKE) magnetometer have been performed at a fixed probe fluence of 0.5 mJ/cm 2 , while the pump fluence have been varied over a large range. Details of the TRMOKE technique is provided in Supplemental Materials [24] . The experimental data of variation of Kerr rotation corresponding to the ultrafast demagnetization measured for pump fluence = 9.5 mJ/cm 2 is plotted in Fig. 2A for different values of x. The data points are then fitted with a phenomenological expression derived from the three temperature model-based coupled rate equations in order to extract the ultrafast demagnetization time ( M τ ) and fast relaxation ( E τ ) time [23] , which is given below:
where A1 represents the magnetization amplitude after equilibrium between electron, spin and lattice is restored, A2 is proportional to the maximum rise in the electron temperature and A3 represents the state filling effects during pump-probe temporal overlap described by a Dirac delta function. H(t) and δ(t) are the Heaviside step and Dirac delta functions, and G(t) is a Gaussian function which corresponds to the laser pulse.
The M τ extracted from the fits are plotted as a function of x in Fig. 2B , which shows a slight initial increment followed by a sharp decrement with x. In addition, the ultrafast demagnetization rate is found to be slower in the present Heusler alloys than in the 3d metals [9] . The theoretical calculation of electronic band structure of CFMS showed no discernible change in the amount of energy gap in minority spin band but a change in position of EF with
x, which lies at the two extreme ends of the gap for x = 0 and x = 1. Thus, the variation of M τ with x clearly indicates that the composition dependent EF position is somehow responsible for the variation in M τ . This warrants the investigation of ultrafast demagnetization with continuously varying x values between 0 and 1. However, a majority of earlier investigations [10, 11, 25] , being focused on exploring the ultrafast demagnetization only of Co2MnSi (x = 0) and Co2FeSi (x = 1), lack a convincing conclusion about the role of electronic band structure on ultrafast demagnetization mechanism.
In case of 3d transition metal ferromagnets, Elliott-Yafet (EY)-based SFS mechanism is believed to be responsible for rapid rise in the spin temperature and ultrafast demagnetization [15] . In this theory it has been shown that a scattering event of an excited electron with a phonon changes the probability to find that electron in one of the spin states, namely the majority spin-up (  ) or minority spin-down (  ) state, thereby delivering angular momentum to the lattice from the electronic system. It arises from the band mixing of majority and minority spin states with similar energy value near the Fermi surface owing to the spin-orbit coupling (SOC). The spin mixing parameter (b 2 ) from the EY theory [26, 27] is given by:
where k ψ represent the eigen-state of a single electron and the bar denotes a defined average over all electronic states involved in the EY scattering processes. This equation represents that the spin-mixing due to SFS between spin-up and spin-down states depend on the number of spin-up (  ) and spin-down (  ) states at the Fermi level, which is already represented by DF.
A compact differential equation regarding rate of ultrafast demagnetization dynamics as derived by Koopmans et al. [27] , is given below:
where m = M/MS, and Tp, TC, and Te denote the phonon temperature, Curie temperature and electronic temperature, respectively. R is a material specific scaling factor [28] , which is calculated to be:
where asf, gep, DS represent the SFS probability, coupling between electron and phonon subsystem and magnetic moment divided by the Bohr-magneton ( B  ), whereas TD is the Debye temperature and kB represents the Boltzmann constant. Further, the expression for gep is:
where DP, and λep denote the number of polarization states of spins and electron-phonon coupling constant, respectively, and ℏ is the reduced Planck's constant. Moreover, the ultrafast demagnetization time at low fluence limit can be derived under various approximations as:
where C0 = 1/4, si λ is a factor scaling with impurity concentration, and F(T/TC) is a function solely dependent on (T/TC) [29] . fluence is observed which is negligible in comparison to the change of M τ with x. However, this increment can be explained using the enhanced spin fluctuations at much higher elevated temperature of the spin system [28] .
As the primary microscopic channel for spin angular momentum transfer is the same for both ultrafast demagnetization and magnetic damping, it is expected to find a correlation between them. We have measured the time-resolved Kerr rotation data corresponding to the magnetization precession at an applied in-plane bias magnetic field (Hb) of 3.5 kOe as shown in Fig. 3A . The macrospin modelling is employed to analyse the time dependent precessional data obtained by solving the Landau-Lifshitz-Gilbert equation [32] which is given below:
where γ is the gyromagnetic ratio and is related to Lande g factor by
. Heff is the total effective magnetic field consisting of Hb, exchange field (Hex), dipolar field (Hdip) and anisotropy field ( K H ). The experimental variation of precession frequency (f) against Hb is fitted with the Kittel formula for uniform precession to extract HK values. The details of the fit are discussed in the Supplemental Materials [24] .
For evaluation of α , all the measured data representing single frequency oscillation are fitted with a general damped sine-wave equation superimposed on a bi-exponential decay function, which is given as:
where ζ is the initial phase of oscillation and τ is the precessional relaxation time. axis [33] . The uniaxial, biaxial and out-of-plane magnetic anisotropies are denoted as K1, K2 and K ⊥ , respectively. In our case K2 has a reasonably large value while K1 and K ⊥ are negligibly small. Plugging in all parameters including the magnetic anisotropy constant K2 in Eq. (8), we have obtained the values of α to be 0.0041, 0.0035, 0.0046, 0.0055, 0.0061, and 0.0075 for x = 0.00, 0.40, 0.50, 0.60, 0.75, and 1.00, respectively. Figure 3B shows the variation of α with frequency for all the samples. For each sample, α remains constant with frequency, which rules out the presence of extrinsic mechanisms contributing to the α . Next, we focus on the variation of α with x. Our experimental results show a non-monotonic variation of α with
x with a minima at x = 0.4, which is exactly opposite to the variation of M τ with x. On the basis of Kambersky's SFS model [34] , α is governed by the spin-orbit interaction and can be expressed as:
where g δ and 1 −  represent the deviation of g factor from free electron value (~2.0) and ordinary electron-phonon collision frequency. Eq. (9) suggests that α is directly proportional to DF and thus it becomes minimum when DF is minimum [30] . This leads to the non-monotonic variation of α , which agrees well with earlier observation [30] . To eliminate the possible effects of γ and S M , we have plotted the variation of relaxation frequency, S M αγ = G with x which also exhibits similar variation as α (see the supplementary materials [24] ).
Finally, to explore the correlation between α , M τ and alloy composition, we have plotted these quantities against x as shown in Fig. 4A . We observe that M τ and α varies in exactly opposite manner with x, having their respective maxima and minima at x = 0.4. Although M τ and α refer to two different time scales, both of them follow the trend of variation of DF with x. This shows that the alloy composition-controlled Fermi level tunability and the ensuing SFS is responsible for both ultrafast demagnetization and Gilbert damping. Figure 4B than the intra-band generation [36] . This is in strong agreement with our experimental results and its conclusion. This firmly establishes that unlike conventional transition metal ferromagnets, damping in CFMS Heusler alloys is dominated by resistivity-like contribution, which results in an inversely proportional relation between α and M τ .
In summary, we have investigated the ultrafast demagnetization and magnetic Gilbert damping in the CFMS Heusler alloy systems with varying alloy composition (x), ranging from x = 0 (CMS) to x = 1 (CFS) and identified a strong correlation between M τ and x, the latter controlling the position of Fermi level in the electronic band structure of the system. We have found that M τ varies non-monotonically with x, having a maximum value of ~ 350 fs for x = 0.4 corresponding to the lowest DF and highest degree of spin-polarization. In-depth investigation has revealed that the ultrafast demagnetization process in CFMS is primarily governed by the composition-controlled variation in spin-flip scattering rate due to variable DF.
Furthermore, we have systematically investigated the precessional dynamics with variation in 
II. Details of measurement techniques
Using ex-situ x-ray diffraction (XRD) measurement we investigated the crystal structure and 
III.

Analysis of XRD peaks
To estimate the degree of Co atomic site ordering, one has to calculate the ratio of integrated intensity of (200) and (400) peak. Here, we fit the peaks with Lorentzian profile as shown in inset of Fig. 1S and extracted the integrated intensities as a parameter from the fit. The calculated ratio of I(200) and I(400) with respect to alloy composition (x) is shown in Fig. 1S .
We note that there is no significant change in the I(200)/I(400) ratio. This result indicates an overall good quality atomic site ordering in the broad range of samples used in our study. 
IV.
Analysis of RHEED pattern
The growth quality of the CFMS thin films was experimentally investigated using in-situ RHEED technique. Figure 2S shows the RHEED images captured along the MgO [100] direction for all the samples. All the images contain main thick streak lines in between the thin streak lines, which are marked by the white arrows, suggesting the formation of ordered phases.
The presence of regularly-aligned streak lines confirms the epitaxial growth in all the films. Figure 3SC shows that HC remains almost constant with variation of x. VI.
Analysis of frequency (f) versus bias magnetic field (Hb) from TRMOKE measurements
We have experimentally investigated the precessional dynamics of all the samples using TRMOKE technique. By varying the external bias magnetic field (Hb), various precessional dynamics have been measured. The post-processing of these data followed by fast Fourier transform (FFT) provides the precessional frequency (f) and this is plotted against Hb as shown in Fig. 4S .
To determine the value of in-plane magnetic anisotropy constant, obtained f-Hb curves have been analysed with Kittel formula which is given below: 
where MS is saturation magnetization and γ denote the gyromagnetic ratio given by B gμ γ = while K1 and K2 represent the two-fold uniaxial and four-fold biaxial magnetic anisotropy constant, respectively. We have found the values of several parameters from the fit including K1 and K2. K1 has a negligible value while K2 has reasonably large value in our samples. The extracted values of the parameters from the fit are tabulated as follows in Table 1S : 
Variation of relaxation frequency with alloy composition
We have estimated the damping coefficient (α) and presented its variation with alloy composition (x) in the main manuscript. According to the Slater-Pauling rule, MS increases when the valence electron number systematically increases. As in our case the valence electron number changes with x, one may expect a marginal effect of MS on the estimation of damping.
Thus, to rule out any such possibilities, we have calculated the variation of relaxation frequency, S G αγM = with x, which is represented in Fig. 5S . It can be clearly observed from 
